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Abstract 
Traditionally, monochromatic wavelength interferometry is applied to the measurement of smooth surfaces. Owing to the phase 
ambiguity, the range of depth measurement with a monochromatic light source is limited. To overcome this problem, with the 
fact that white-light source is continuous in spectrum, the white-light scanning interferometry (WLSI) can be used to measure 
discontinuous profile. In this paper, envelope function based on local linear conditions was developed and WLSI using higher 
steps phase-shifting algorithms (PSAs) was proposed. Maximum intensity peak positions at five points were used to calculate the 
center wavelength of the light source by both phase unwrapping and linear least-squares fitting. Both simulated and experimental 
results showed that the proposed PSAs have good linearity and robustness to accurately measure center wavelength of the white-
light source 
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1. Introduction 
Different from monochromatic interferometry, the white-light scanning interferometry (WLSI) uses broadband 
with short coherent optical length is often applied to measure the micro-specimens with discontinuous profile. The 
interference signal of WLSI can be obtained only when the optical path difference (OPD) between object beam and 
reference beam is close to zero, and maximum signal could be obtained only when the OPD of reference and object 
beams is vanished. 
During the development of WLSI, optical systems such as Michelson, Mirau, and Linnik interferometers [1-2] 
were proposed. As for the signal processes, Kino and Chim [3] suggested an algorithm based on Fourier transform 
to extract zero optical path difference (ZOPD) positions in 1990; Hilbert transform was proposed to determine the 
peak positions of an interferometry signal envelope in 1992 [4]. The determination of ZOPD positions by Fourier 
transform and Hilbert transform is based on the filter operator. In 1992, Chen et al. [5] used gravity of WLSI signals 
to determine ZOPD positions of symmetric signals. In 1996, Sandoz [6] derived seven-step phase-shifting algorithm 
(PSA) based on the local linearization together with the phase compensation to estimate actual ZOPD positions. 
Larkin [7] utilized five-step PSA to efficiently perform a nonlinear algorithm for precise ZOPD position 
determination. In 1998, Recknegal and Notni [8] proposed continuous wavelet transform (CWT) to extract ZOPD 
positions. In 2000, Harasaki et al. [9] combined PSA and coherence-peak-sensing technique to calculate ZOPD 
positions and removed the “bat-wing” effect. Park and Kim [10] fitted the WLSI signals with quadratic polynomials 
and claimed the ZOPD positions can be determined accurately. In 2002, based on spatial-frequency domain, Groot 
et al. [11] developed a series of algorithms to determine ZOPD positions. Their algorithms require fewer limitations 
on the scanning device. In 2008, Li et al. [12] used CWT to accomplish profile measurement. In the same year, 
based on an extension of CWT, Saraç [13] utilized Stockwell transform to process WLSI signals to extract ZOPD 
positions. In 2011, based on short-time window Fourier transform, Ma et al. [14, 15] proposed an algorithm to 
determine ZOPD positions and center wavelength of the light source. In 2012, Pavliček and Michálek [16] used 
Hilbert transform to detect ZOPD positions and discussed influence of noises. Comparing all the aforementioned 
ZOPD position determination methods, to obtain ZOPD positions precisely, more data points are needed for 
frequency domain (e.g. CWT) analysis method. Consequently, longer scanning time of piezoelectric transducer 
(PZT) may be needed and the captured data may be easily mixed with unexpected noises. 
In this paper, successful derivation of the nine- and eleven-step PSAs was first reported. To calculate center 
wavelength of the light source, an algorithm consists of the selected phase-shifting equations, local linearization, 
phase unwrapping and linear least-squares was developed. The new proposed PSAs require fewer data than the 
traditional frequency domain analysis methods on absolute phase calculation corresponding to each sampling points 
on the surface. Finally, the root-mean-square (RMS) errors and standard deviations of the simulated and 
experimental results on center wavelength of the light sources were also discussed. 
2. Theoretical analysis 
Considering that coherence length of the white-light source is very short, the WLSI interferogram only occurs 
when OPDs are vanished with the corresponding ZOPD positions. Therefore, different from the monochromatic 
interferometry, the major advantages of the WLSI configuration are the ambiguity of measurement phase and fringe 
order never appears. 
2.1. Principle of WLSI 
In WLSI, along vertical scanning direction, the intensity function of a point on the specimen recorded by a 
charge-coupled device (CCD) camera can be written as [15] 
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where BI is the background intensity;  J is the fringe contrast; c is the coherence length of Gaussian spectrum 
light source;  z is the scanning position along optical axis; 0O is the center wavelength; 0z is the position along 
scanning direction where the envelope of WLSI signal is maximum; and 0M is phase difference between the 
reference and object light beams introduced by optical system. For convenience, Eq. (1) can also be re-written as 
     > @I z I {1 γg z cos (z) }B I    (2) 
where 20g(z)=exp[-((z-z )/ ) ]c is the envelope function of the WLSI signal; and  0 0 0(z) 4π z z / λ φI    . 
2.2. PSA for WLSI 
In this paper, ( )g z  is considered as local linear to develop PSAs suitable for WLSI. The local linear model [6] 
implemented in this paper is defined to be 
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where  1δz and  2δz are small distance with respect to any given position z. 
The traditional well-known five- and seven-step phase-determining functions are [6] 
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respectively. 
By extending WLSI signal PSAs with local linear condition up to nine and eleven steps, there are six and thirty-
six possible functions of ( )zI  respectively. The selected phase-determining function with minimum simulated 
errors among all nine- and eleven-step PSAs are 
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respectively. 
2.3. Least-squares estimation 
Considering the phase-determining function ( )zI consists of center wavelength 0O ; to determine ( )zI
accurately, 0z  has to be determined. Rewriting ( )zI  as 
  z Az BI    (8) 
where 0A=4 /S O is the slope and 0 0 0B (4 / )zS O M   is the intercept. ( )zI can be determined by PSAs and 
the value should be within 2S . To perform least-squares fitting, five data points including the recorded maximum 
intensity peak position were employed for numerical analysis. Once the best approximation A of slope A  is 
determined then the center wavelength 0O can be calculated as 
 0 4π / AO   (9) 
3. Simulation results 
The new developed phase-determining functions corresponding to nine- and eleven-step phase-shifting were 
compared to those obtained from five- and seven-step phase-shifting. To calculate the associated phases, each step 
of the phase-shifting was set to be π / 2 , 100BI  , 0 0M  , 1J  , 4000c  , 0 3000z  ,  and 70z nm'   
were used to generate WLSI signal for future discussion. 
Figure 1 shows the phase-errors of different steps PSAs for noise-free case. The mean errors of the five-, seven-, 
nine-, and eleven-step PSAs are 0.004, 0.004, 0.003, and 0.004 rad respectively. The maximum errors of the five-, 
seven-, nine-, and eleven-step PSAs are 0.006, 0.006, 0.005, and 0.007 rad respectively; meanwhile, the maximum 
errors would occur while the OPDs are 0.8r rad. To all four PSAs, the calculated phase errors are better than 0.01 
rad which corresponds to 0 /1256O error in height for a noise-free simulated WLSI signal. The theoretical accuracy 
indicates that all PSAs are good for profile measurements. 
In practice, noises cause by unexpected vibrations, phase noise, and the nonlinearity of PZT might produce 
measurement errors during vertical scanning. Therefore, the phase-extracting algorithm should be robust and linear. 
To study the noise effect, a uniform white noise and a Gaussian white noise mixed with WLSI signal were simulated. 
Figure 2 shows a uniform white noise mixed with WLSI signal with same parameters used before, the amplitudes of 
uniform white noise are 10 and 20 gray levels, respectively. For clarity, vertical scanning signals with noises are 
shifted 250 gray levels. Figure 3 shows Gaussian white noises mixed with WLSI signals, the standard deviations of 
Gaussian white noise are 10 and 20 gray levels, respectively. Again, for clarity, the simulated WLSI signals with 
noises are shifted 250 gray levels. 
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Fig. 1 Phase errors of simulated results for PSAs 
 
 
 
 
 
 
 
 
Fig. 2 Uniform white noise with amplitude of 10 and 20 gray levels mixed with WLSI signals 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Gaussian white noise with standard deviation of 10 and 20 levels mixed with WLSI signals 
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Based on the errors of center wavelength, noises on different PSAs were investigated. Here, the RMS errors of 
center wavelength were calculated with different PSAs from generated noise-contained WLSI 10 times. In Fig. 4, x-
axis represents the phase-shifting of various steps and y-axis represents the RMS errors in nm. Figure 4 shows RMS 
errors of center wavelength obtained with simulated results. It is clear that the stability of nine- and eleven-step 
PSAs is better than that of the five- and seven-step PSAs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 RMS errors of center wavelength with different noises 
4. Experimental results and discussion 
To verify the simulated results by experiments, as shown in Fig. 5, a typical Linnik WLSI system was assembled. 
A test object was illuminated by a halogen light source through a set of achromatic lenses and then the light beam 
was divided by a beam splitter into reference and objective beams. The light beam reflected from the test object was 
interfered with the reference beam when the OPD is within the coherence length of the light source. An objective 
lens with magnification 40X and 0.65 numerical aperture was used in the WLSI system. The interferograms were 
recorded by a CCD camera through imaging lens. The test object was fixed on a 3-axis stage. The reference mirror 
mounted on a PZT nano-position stage was enabled to scan along the optical axis and the length of reference optical 
path can be adjusted. The PZT is able to achieve 0.3nm scanning resolution and is controlled by a servo-controller. 
The B&W camera was used to capture a series of interferograms when the PZT stage drives the reference mirror 
along the scanning direction. The system was integrated by a computer with IEEE 1394b boards. A software 
developed based on LabView 2012 was used to operate the CCD camera and to control/drive PZT stage for storing 
real time interferograms and to analyze the measurement results. 
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Fig. 5 Layout of the WLSI measurement system 
 The test object, a micro-trenched contained silicon chip, is manufactured by a LIGA-like process. Figure 6 
shows a white-light interferograms of the test object of 800(H) × 600(V) pixels. Due to the sharp step surface, 
traditional PSAs with monochromatic interferometry are unable to measure the profile. With the assembled WLSI, it 
took about 25 seconds for acquiring the image and another 20 seconds for data analysis of all four different PSAs 
when 85z nm'  . To check the robustness and linearity of all four PSAs, the test object was tested continuously 
10 times, the center wavelengths were determined. The randomly selected four points in Fig. 6 are defined by point 
A(467,130), A’(692,130), B(344,358), and B’(672,358). The average of 10 measurements of center wavelength of 
the four points with the use of five-, seven-, nine-, and eleven-step PSAs are listed in Table 1. The standard 
deviations of measured center wavelength of the four points are also shown in Fig. 7. The results show that the 
performance of the proposed nine- and eleven-step PSAs is better than the five- and seven-step PSAs. In other 
words, the proposed nine- and eleven-step PSAs have better immunity and robustness to environment noises. 
 
Table 1  Average of 10 measurements of center wavelength of the four points with the use of four methods 
Average of center 
wavelength of points 
Point A(467,130) Point A’(692,130) Point B(344,358) Point B’(672,358) 
Five-step 665.1 672.8 655.6 665.7 
Seven-step 665.2 672.8 656.5 666.2 
Nine-step 664.9 672.2 669.4 667.9 
Eleven-step 665.5 674.8 661.2 668.8 
unit: nm 
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Fig. 6 A typical white-light interferogram of the test object 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Standard deviations of the center wavelength evaluated from the four points with four different PSAs 
5. Conclusions 
In this paper, the higher steps, i.e. nine- and eleven-step PSAs, were developed for WLSI fringe analysis and both 
the experimental and numerical performance were discussed. To analyze the robustness of the proposed higher-step 
PSAs, uniform white noise and Gaussian noises were mixed with regular WLSI signals, the numerical tests were 
repeated 10 times to perform RMS errors of center wavelength. The simulated results show that performance 
obtained from the proposed nine- and eleven-step PSAs are better than five- and seven-step PSAs on determining 
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center wavelengths. A LIGA-like fabricated MEMS structure was utilized as the test object and measured 10 times 
continuously by a self-assembled WLSI system with the four PSAs. Based on the simulated and experimental results, 
the proposed nine- and eleven-step phase-shifting WLSI methods have better noise immunity than the five- and 
seven-step PSAs in measure the center wavelength of light source. 
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